Abstract-In this paper, a novel concept for ultra-wideband simultaneous switching noise (SSN) mitigation in high-speed printed circuit boards (PCBs) is proposed. Using complementary spiral resonators (CSRs) etched on only a single layer of the power plane and cascaded co-centrically around the noise port, ultra-wideband SSN suppression by 30 dB is achieved in a frequency span ranging from 340 MHz to beyond 10 GHz. By placing a slit in the co-centric rings, lower cut-off frequency is reduced to 150 MHz, keeping the rest of the structure unaltered. Finally, the power plane structure with modified complementary spiral resonators (MCSRs) is designed, fabricated, and evaluated experimentally. Measurement and simulation results are in well-agreement.
INTRODUCTION
With the ever increasing demand for modern high-speed digital circuits with high clock frequencies, fast edge rates and low voltage consumption, simultaneous switching noise (SSN) also known as ground bounce noise (GBN) has received considerable attention in the past few years. In modern high-speed printed circuit boards (PCBs), propagation of parallel plate waveguide (PPW) resonance modes between power and ground planes excited by the SSN leads to a degradation in signal/power integrity (SI/PI) [1] [2] [3] [4] [5] . In addition to this degradation, SSN can cause various low and high frequency anomalies that can lead to false switching and logic errors in digital circuits [6] . By taking all into consideration, mitigation of this noise becomes a critical necessity in today's high speed circuits.
Different approaches have been investigated to mitigate SSN. Adding discrete and embedded decoupling capacitors has been the most frequently used method proposed to mitigate SSN [7] [8] [9] . This conventional technique, however, has some practical limitations. Owing to dominant inductive behavior at higher operational frequencies, this technique does not provide sufficient mitigation beyond 500 MHz [10] . In recent years, electromagnetic band gap (EBG) [11] [12] [13] and high impedance surface (HIS) [14] [15] [16] structures have been proven as promising solutions for suppression of noise in the gigahertz frequency range. Typically, an additional metal layer is required to implement EBG and HIS structures. Also in embedded configurations, metal-via structures are required which are usually undesired in manufacturing process. EBG and HIS structures suffer from (i) increased manufacturing complexity and therefore high cost, and (ii) typical operation bandwidth of these structures covers a narrow frequency range. In order to build a stable power distribution network in high-speed digital circuits, SSN should be suppressed properly in the entire frequency range of operation from couple of hundred megahertz up to several gigahertz. To cope with these stringent requirements, complementary split ring resonator (CSRR) was introduced [17] . In addition to having a planar structure with no additional metal layers or vias, this structure can mitigate noise propagation in an ultra-wideband frequency range. The design in [17] was able to suppress noise propagation by 20 dB for frequencies higher than 1 GHz (1-12 GHz band). In order to lower the cut-off frequency to below 1 GHz, physical dimensions need to be scaled up, which quickly becomes prohibitively large. Alternatively, additional components (decoupling capacitors) could be used, which makes integration more complex.
In this paper, we propose planar complementary spiral resonators (CSRs) to suppress SSN in an ultra-wideband frequency range starting from 340 MHz up to 10 GHz and beyond. Furthermore, by placing a slit in the co-centric rings, we show that the lower cut-off frequency can be reduced to 150 MHz which is almost 10 times smaller than previous work without any dimensional scaling. In the following sections, we provide some details about electromagnetic behavior and working principle of CSR structures and its contribution in our proposed power plane.
NOISE MITIGATION USING CONCENTRICALLY CASCADED CSRS
The CSR is an electrically small resonant structure with a slot etched in a metallic layer which is shown in Fig. 1 . The electromagnetic behavior of CSR is complementary to SR. As it is explained in [18] SR structures act like an LC resonator providing an effective propagation bandgap for a time varying magnetic field with a polarization perpendicular to the surface of the loop, however CSR exhibits this characteristic for an electric field polarized normal to the loop surface. As shown in Fig. 2 , equivalent circuit for both structures can be viewed as a simple parallel LC resonator. In both structures, the capacitance C c is the capacitance of a disk with radius of r o − a 2 (where r o is average radius and a is slot width) surrounded by a metallic plane. For CSRR, the inductance L o , which results from the current path through the rings, is a parallel combination of the two inductances modeling current flow from inner disk to the ground, as reported in [19] . However, in the CSR, inductance is comprised of the inductance of inner metal ring around the whole circumference. Therefore, amount of total equivalent inductance is four times larger for CSR compared to CSRR. Therefore the resonance frequency of CSR design is half of that of CSRR with identical radius and dimensions. In other words, electrical length (diameter) of CSR is one half that of CSRR (for the same physical scale) so it can lead to size reduction of two-fold for our design. It should be noted that an analytical approximate expression for capacitance of C c values for both designs are provided by authors in [19] , whereas L o is equivalent to inductance of a circular co-planar-waveguide (CPW) with strip width of b, slot width of a and external radius of r o and a numerical expression for L o can be found at [20] .
Owing to the fact that a CSR structure etched on a single metallic layer exhibits negative effective permittivity in the vicinity of its resonance frequency and acts like a narrow band-stop filter for propagation of waves through the continuous transmission line [21] , it is expected that, if several CSRs with different radii resonating in different frequencies are co-centrically cascaded, an ultra-wideband noise suppression can be achieved and the overall effect would be an ultra-wideband filter with a stopband characteristic equivalent to superposition of the original individual filters. In the following sections, we demonstrate mitigation capability of co-centrically cascaded CSRs. 
RESULTS AND DISCURSION
High frequency structural simulator (HFSS) was used to simulate CSR structures with different radii to get an estimate about their resonance frequencies. For this aim, a simple micro-strip transmission line structure is used as it is mentioned in [22] and is shown in Fig. 3 . It should be emphasized that this structure is not identical to our power plane design but can provide a rough estimation about radii for the final design. The substrate employed for this micro-strip line is the commercially available PCB made of FR4 dielectric with a thickness of 1.54 mm and dielectric constant of r = 4.4. CSRs with different radii are etched in ground plane underneath the conductor strip with a width of 3 mm. Fig. 4 plots measured transmission coefficient (S 21 ) values for different radii. The values of these radii have been chosen in a way that a superposition of S 21 values for cascaded CSR structure could cover a whole frequency range starting from couple of hundred megahertz up to several gigahertz.
Using initial values for radii, noise mitigation capability of centrally cascaded CSRs are investigated by carrying out simulations for power plane structure based on setup provided in Fig. 5 . In this design, Port-1, source of switching noise, is surrounded with four CSRs with different radii. At the opposite side, electromagnetic wave propagating through waveguide will be collected with output port (Port-2) placed 4 cm away from Port-1 and encompassed with another set-of-four co-centrically placed CSRs to provide further mitigation in incoming noise. The noise suppression property of proposed power plane can be confirmed using the results of insertion loss (S 21 ) between two ports in the frequency domain. Fig. 6 shows the simulated results for the proposed CSR design, in comparison with a solid bare board as a reference. These results are achieved by simulation based fine-tuning for set of co-centrically placed Also it should be noted that this design has been made on FR4 substrate with thickness of 1.54 mm and overall size of 60 mm × 70 mm. In order to expand the operational bandwidth to lower cut-off frequencies, the above design is improved to a modified CSR (MCSR) structure. As it can be seen from Fig. 7 , there are three paths (in the second ring) over which current can flow. These currents are named I 1 , I 2 , and I 3 . Due to direction of these currents, in some parts of the structure destructive coupling occurs which in turn decreases the total inductance. In the other words, opposite-directed current distribution in two adjacent turn leads to small effective inductance and as a result, the resonance frequency is high.
From Fig. 7(a) , we observe that the current I 2 is passing in the opposite direction in comparison with I and I 3 . Therefore, it has destructive coupling with these two current distributions and makes total inductance smaller. In order to eliminate the effect of this destructive coupling, the CSR structure was modified and a cut, in the shape of a slit, is made in the outer ring as shown in Fig. 7(b) . This way, the main cause of destructive coupling, I 2 , is eliminated and the overall effective inductance is increased. This, in turn, shifts resonance to lower frequencies. As it can be seen from Fig. 8 , by proposing this simple modification, the lowest frequency edge where S 21 is lower than −30 dB is almost halved down to 150 MHz while keeping all the dimensions unchanged.
To verify validity of simulation results, the power plane structure with radii obtained from simulation is fabricated. Fig. 9 shows fabricated prototype of proposed design. Fabrication of proposed power plane structure was done by LPKF ProtoMat R S62 PCB plotter. The measurements are carried out using a network analyzer (Agilent E5071C). According to Fig. 10 , there is an excellent agreement between simulation and measurement results especially in lower frequencies. Because of dispersion property of the FR4 substrate and the conduction losses which are not considered in the simulation, a slight deviation between simulation and measurement results is seen at higher frequencies. 
CONCLUSIONS
We have demonstrated an ultra-wideband suppression method of simultaneous switching noise in highspeed circuits using concentrically cascaded CSRs. Besides having ultra-wideband mitigation this design can be fabricated easily in comparison with previous techniques that suffer from manufacturing complexity and cost perspectives. It is shown that by using this configuration a broad operation frequency range between 340 MHz and 10 GHz is covered for −30 dB suppression bandwidth. By reducing destructive inductive contribution using a slit in the co-centric rings, lower cut-off frequency is extended to 150 MHz without any scaling in dimensions or sacrificing the performance elsewhere. 
